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Rapid Cycle DNA Amplification 
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DNA amplification requires temperature cy- 
cling of the sample. From the viewpoint of the 
sample, the only relevant characteristics of a 
temperature cycler are its speed and homoge- 
neity. How fast the sample temperature can be 
changed largely determines the cycle time. 
How uniform the sample temperature is affects 
reproducibility. As cycle speed increases, it 
becomes harder to maintain homogeneous 
temperatures within and between samples. 
Standard commercial instrumentation usually 
completes 30 cycles (94, 55, 74°C) in about 
2-4 hr. A new "high-performance" system re- 
quires about half as much time and is reported 
to run two temperature profiles (60, 94 °C) in a 
little over an hour (HafTctal., 1991). "Rapid 
cycle DNA amplification" as used here refers 
to completion of 30 cycles of amplification in 
10-30 min. The physical (denaturation and an- 
nealing) and enzymatic (elongation) reactions 
of DNA amplification occur very quickly; with 
the proper instrumentation, amplification 
times can be reduced an order of magnitude 
from prevailing protocols. 



Initial Development 

Before commercial temperature cycling instru- 
mentation was available, we started work on a 
thermal cycling system using capillary tubes 
with hot air temperature control (Wittwer et 
al., 1989). Our original instrument was de- 
signed to approximate the temperature profile 
and amplification of IOO-/il samples in micro- 
fugc tubes transferred between water baths. 
Because of the low heat capacity of air, the thin 
walls and high surface area of capillary tubes, 
we realized that small volume samples coutd — ™ 
. be cycled much faster than this if high velocity 
air were blown past the tubes. What effect 
rapid cycling would have on amplification was 
not known. 

We modified our instrument for faster cy- 
cling of IO-/i! samples (Wittwer et al., 1990). 
Total amplification times for 30 cycles were 
reduced to 10 min, and still specific amplified 
product was observed on ethidium bromide 
stained gels. Since there arc six temperature/ 
time variables in a typical thrcc-tcmpcraturc 
amplification protocol, what is the effect of 
changing each variable systematically? This 
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was difficult to determine previously because 
of long transition times between temperatures 
in other instruments. 

Cycle Optimization 

The optimal times and temperatures for the 
amplification or a 536-bp fragment of 0-globin 
from genomic DNA were determined (W.ttwer 
and Garling. 1991). Amplification yield and 
product specificity were optimal when dena- 
turation (93°C) and annealing (55°C) times 
were less than 1 sec. There was no advantage to 
longer denaturation of annealing times, as long 
as the DNA was heat denatured before temper- 
ature cycling. Yield increased with longer 
elongation limes, although there was little 
change above 10-20 sec. These results may be 
surprising, but merely reflect the poor match 
between most commercial instrumentation for 
DNA amplification and the physical /enzy- 
matic_jeijujiements of the reaction. 
(^Figure 15 j)compares four different sample 
te^eTiuIFeTUme profiles and their resultant 
amplification products after 30 cycles. Profiles 
A and B were obtained on a standard healing 
block/ microfuge tube system. The transitions 
between temperatures are slow and many non- 
-specific-bands-are present. Some of the non- 
specific bands can be eliminated by limiting 
the time at each temperature (A vs B) within 
the limits of the instrument. Profiles C and D 
were obtained with the rapid air cycler. Ampli- 
fication is specific, and although yield is maxi- 
mal in C (60 sec elongation), it is entirely ade- 
quate in D (10 sec elongation). 

The importance of annealing time on prod^ 
uctjgecificity is systematically studied mlFig^ 
TTrTl^2A\ As annealing time increases, so do 
--spundusTundesired amplification products. 
Not only is the time spent at annealing impor- 
tant, but long transition times (25 vs 9 sec) 
also increase nonspecific amplification, proba- 
bly because of more time spent near the an- 
nealing temperature. 

We have now amplified over 50 primer pairs 
by rapid cycling and the method seems gener- 
ally applicable. We have never observed any 
advantage to extending denaturation times be- 
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yond the minimum possible, as long as tem- 
plate DNA is denatured before cycling. The 
best specificity is obtained with minimal an- 
nealing times, although in some amplifications 
there appears to be a tradeoff between specific- 
ity and yield. Using minimal denaturation and 
annealing times is convenient because it re- 
duces the total number of temperature cycling 
variables for optimization from six to four. If a 
constant denaturation temperature of 94 °C is 
used (DMSO may be needed for high GC se- 
quences), only three variables remain. In most 
cases, an elongation temperature of 70-74°C 
works well. The exceptions in our hands are 
certain VNTR areas (Boerwinkle el al.. 1989) 
and DNA extracted from paraffin blocks, both 
of which seem to amplify better at 65-70°C. 
Two variables remain, the elongation time and 
the annealing temperature. The elongation 
time seems loosely determined by the product 
length. Fragments around 100 bp usually re- 
quire no specific elongation time; extension is 
apparently adequate during the transition from 
annealing to denaturation, even with rapid 
cycling (Fig. 15.2B). This extension during 
transition explains the recent popularity of 
two-tempcraturc amplification; slower conven- 
tional cycling would provide more than enough 
time for the extension of much larger frag- 
ments. Elongation times of 5-20 sec are usu- 
ally appropriate for fragments up to 500 bp. 
while up to 30 sec may be needed for a 1-kb 
amplification. Algorithms for the prediction of 
the remaining variable (annealing temperature) 
have been published (Rychlik et al.. 1990), 
although their application to rapid cycling has 
not been thoroughly tested. 



Amplification Additives 

DNA amplification is robust and a variety of 
buffers and additives can be used without seri- 
ous effect. These include Ficoll and electro- 
phoresis indicator dyes to simplify gel loading 
directly out of capillary tubes (Wittwer and 
Garling. 1991). Bovine serum albumin seems 
lo be most effective in preventing surface dena- 
turation of the polymerase on glass capillary 
walls. Elhidium bromide can also be included 
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at concentrations used for staining gels (0.5 
/ig/ml) without apparent change in yield or 
specificity (Fig. 15.2C). This is surprising be- 
cause of the known influence of ethidium bro- 
mide on DNA melting (Maeda ct al. t 1990). 
The potential for using ethidium bromide fluo- 
rescence during amplification as a monitor of 
double stranded DNA production is attractive. 
Figure 15. 2D shows the relative fluorescence 
of reactions in capillary tubes before and after 
nullification. The capillary tubes were di- 
rectly placed on a standard UV trnnsillumina- 
tor. Although viral and plasmid amplifications 
can be monitored this way (with <5 ng start- 
ing DNA/ 10 jil reaction), background fluores- 
cence from the larger amounts of DNA used in 
genomic amplifications (50-100 ng/10 jdJ is 
quite high. With DNA nearly doubling each 
elongation step, direct measurement of the effi- 
ciency of each cycle might be possible. The 
end of elongation might even be triggered dy- 
namically after a certain efficiency was 
achieved. Fluorescence monitoring could also 
control the number of cycles needed to achieve 
the fluorescence level for a particular yield. 
The effect of ethidium bromide on base incor- 
poration error rate during DNA amplification 
has not been studied. 



Figure 15.1. Comparison of standard heat block 
instrument (A and B) to rapid cycling instrumenta- 
tion (C and D). Temperature-time profiles and am- 
plification products obtained after 30 cycles of am- 
plification of a.536-bp 0-globin fragment from Microfuge TllbCS 
genomic DNA. Ten-microliter samples were elec- 
trophoresed through 1 .5% agarose and stained with 
ethidium bromide. Sample temperature was moni- 
tored with a 0.2-mm-diameter thermocouple probe 
(1T-23. Sensortek, Clifton, NJ). Profiles A and B 
were obtained with 100-^1 samples in microfuge 
tubes overlaid with 60 pi of mineral oil as recom- 
mended by the manufacturer (Perkin-Elmer Cetus 
DNA Thermal Cycler, Norwalk, CT). In A, a typi- 
cal protocol is shown (healing block at 93 °C for I 
min, 55°C for 2 min, and 74°C 'for 3 min). In B, 
the times were reduced so that the sample just mo- 
mentarily reached denaturaiion and annealing tem- 
peratures (block at 55°C for 35 sec. 77°C for 45 
sec, and 92°C for 35 sec. Profiles C (I min elonga- 
tion) and D (10 sec elongation) were obtained on 
l(M samples in capillary tubes in a custom rapid 
air cycler (Wittwer et aL, 1990). Reprinted with 
permission from BioTechniques (Wittwer and Garl- 
ing. 1991). 



Capillary- Tubes versus 



The microfuge tube is the standard small con- 
tainer in molecular biology. However, it is a 
poor container for rapid temperature cycling. 
This is only partly because of wall thickness: 
GeneAmp™ tubes have a wall thickness of 
0.51 mm, MicroAmp™ tubes, 0.30 mm, and 
standard glass capillary tubes, 0.20 mm. Just 
as important, the geometry of samples in coni- 
cal tubes limits the available surface area for 
heating. The rate of heat transfer at any surface 
is directly proportional to the surface area. 
The sample geometry in microfuge tubes is not 
easily described, but it approaches a cone with 
its tip truncated by a hemisphere. For any 
given volume, a sphere has the lowest surface 
area. In contrast, both cylinders and sheets can 
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Fioure 15.2. Amplification by rapid cycling: pa- 
rameter optimization and use of ethidium bromide. 
(A) The effect of annealing time on the specificity of 
a 0-globin fragment (536 bp) amplified from 
primers RS42 and KM29. Reprinted with permis- 
sion from BioTechniques (Wittwer and Garling, 
1991). (B) The effect of varying elongation time on 
the yield of product (149 bp) from primers Yl.l 
and YI.2 (Kogan et al.. 1987). Thirty cycles of 
amplification from 50 ng genomic DNA were per- 
formed with settings of 0 sec at 94 °C, 0 sec at 55 °C. 
and the time indicated at 74 n C. At 0 sec elongation, 
the total amplification time was 98 min. (C) The 
presence of 0.5 /tg/ml ethidium bromide in the am- 
plification reaction does not seem to alter specificity 
or yield. The 0-globin fragment was amplified from 
50 ng genomic DNA and primers PC03 and PC04 
(Satki et at., 1985) by 35 cycles of 0 sec at 94°C, 0 
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sec at 55°C, and 10 sec at 94°C Exon 10 of the 
cystic fibrosis gene (Riordan et al., 1989) was am- 
plified from 50 ng genomic DNA and primers 
GACTTCACTTCTAATGATGA and CTCTTCTAGT- 
TGG CAT G CTT ) by 40 cycles of 6 sec at 94 °C, 6 
sec at 45°C ( and 10 sec at 74°C. (D Photograph of 
UV transilluminated reaction mixtures containing 
0.5 pg/ml ethidium bromide in capillary tubes be- 
fore and after amplification. Five nanograms of 
DNA isolated from Fpslein-Barr virus (EBV) or 
cytomegalovirus (CMV) cultures was cycled 30 
times at 0 sec at 94°C. 0 sec at 50°C, and 10 sec at 
74°C. A custom rapid hot air cycler (Wittwer et al., 
1990) was used in A, with rcactant concentrations 
as given previously (Wittwer and Garling, 1991). 
The Idaho Technology 1605 thermal cycler (Idaho 
Falls, ID) was used for alt other amplifications. 




be made to have an arbitrarily high surface 
area for any given volume if there is no restric- 
tion on the long dimension(s). A planar config- 
uration would be appropriate for in situ ampli- 
fication, for instance, between two microscope 
slide covers. A long cylinder (capillary tube) is 
more attractive for ease of sample addition and 
removal in routine DNA amplification. 

The new "high-performance" amplification 
system (HafT et al., 1991) is probably the ulti- 
mate in heat-block, conical-tube amplification 
instruments. Its engineering is exquisite, but 
the technology is not well matched to rapid 
cycling as described here. A I0-/il sample in a 
MicroAmp™ tube has less than 25% o f the 
surface area of a I0-/J capillary tube ((Fig. 
15^ 3A3"s D). Although the conical portion oF 
TTie~"tube is in direct contact with the heating 
block, the hemispherical tip appears insulated 
from it by a pocket of still air. With the small 
sample volumes optimal for rapid cycling, 
much of the sample surface area is insulated 
rather than heated. It is also more difficult to 
predict the temperature of small samples be- 
cause of a lower "thermal time constant" (HafT 
et al., 1991). Samples are said to be rapidly 
mixed by convection. Convection is caused by 
temperature differences within the sample, a 
problem seldom discussed but sure to affect 
amplification, at least rapid cycle amplifica- 
tion. Temperature gradients become more dif- 
ficult to control and more important as the cy- 
cle time decreases. The temperature variation 
throughout a . 10-/xl sample in a commercial 
rapid air cycler (1605 Air Thermo-cycler, 
Idaho Technology, Idaho Falls, ID) is ± I °C at 
all time points of a 30-sec cycle, measured by 
moving a 0.2-mm-diameler thermocouple 
through the sample in a 0.5-mm-diameter i.d. 
capillary lube. We do not know the within- 
sample temperature variation in other systems. 
It is not easy to measure because of the small 
volumes involved. Nevertheless, temperature 
gradients significant enough for "rapid mixing 
by convection" apparently occur. Finally, the 
realization that denaturation and annealing 
times can be reduced to a minimum is not 
widely recognized. Sophisticated control al- 
gorithms have been developed to carefully ap- 
proach and hold these temperatures without 
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overshoot. Since denaturation and annealing 
temperatures do not need to be held, {he transi- 
tion to these temperatures can be at the maxi- 
mal heating or cooling rate of the system. The 
next heating or cooling step can be triggered 
immediately when the target temperature is 
reached. This significantly speeds up cycle 
time by turning the denaturation and annealing 
"plateaus" into temperature "spikes" (Fig. 
15.1). 

Figure 15.3 compares the scale of different 
tubes and their obtainable temperature/time 
profiles with a IO-/il sample. A custom air 
cycler (Wittwer et al., 1990) was adjusted for 
temperatures of 93, 55, and 75°C with a 10 sec 
hold at elongation for each tube type. As the 
diameter of the tube increases, transition times 
and the total cycle time also increase. Al- 
though we cannot easily monitor conical tubes 
in our air cycler, some idea of the deterioration 
in temperature response with more globular 
samples is apparent. 

Even though capillary lubes have many ad- 
vantages for rapid cycling, many people ini- 
tially have difficulty using them. Accessories 
for holding, handling, and labeling capillary 
lubes arc not as developed as for microfugc 
tubes. Samples arc best mixed in microliter 
plates with U-shaped wells and can be quanti- 
tatively loaded by capillary action, assisted by 
tilling the plates. Although yield may some- 
times be increased by siliconizing the tubes 
(SigmaCole™ or others), this eliminates capil- 
lary action and is not routinely necessary. Cap- 
illary lubes holding up to 20 /il are available 
precut to length and arc made of soft glass that 
can be readily sealed, not only with a torch or 
Dunsen burner, but with a cigarette lighter or 
candle. A candle is most convenient, although 
shielding from room air turbulence is neces- 
sary. Labeling, ordering, and handling the 
tubes have been problems. A simple device 
that holds eight capillary tubes al once at mi- 
croliter spacing is very useful. With this de- 
vice, eight samples can be simultaneously 
loaded from a microliter tray by capillary 
action, sealed, and cycled. After cycling, the 
ends of the tubes can be scored with a file and 
individually emptied into the wells of an analy- 
sis gel with a microaspirator. Sapphire or ce- 
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Figure 15.3. EITec( of sample container on temper- 
ature response. Temperature- time tracings and 
scale drawings of 10°l samples in three different 
capillary tubes. The tubes were Kimble KIMAX 
(Vineland, NJ) #46485-1 (A. 10 pi volume Bt 4.7 
cm), #46485-15 (H, 34 /il volume at 4.7 cm), nnd 



ramie glass cutters last longer than diamond- 
coated triangular files that lend to lose iheir 
edge. All of these items mentioned, as well as 
prescored capillary tubes are now commer- 
cially available (Idaho Technology). 



Rapid Cycle Instrumentation 

Early custom-made hot air cyders have been 
previously described (Wittwer et al., 1989, 
1990). They can be envisioned as temperature- 
controlled recirculating hair dryers. For rapid 
cooling, the circular air patfi is broken and 
room temperature air introduced. Air is unique 
as a heat transfer medium; it is inexpensive, 
readily available, easily mixed, and never 
makes a mess. If it is rapidly blown past a high 
surface area-to-volume sample, heat transfer is 
rapid. For rapid cycling, air velocities of about 
1000 m/min are used. This is in contrast to the 
convection oven design of some "stirred air" 
thermal cyclers that actually have slower cycle 
times than heat block instruments. 

"Th e com mercial rapid cycling instrument 
( (Fig. I5,4)) ias several unique features that dis- 
tinguish it from earlier custom rapid cyclers. 
The sample temperature is no longer moni- 



#34500-99 (C, 59 M l volume al 4.7 cm). A scale 
drawing of a 10-^1 sample in a MicroAmp™ tube of 
the Perkin-Elmer Celus GeneAmp PCR System 
9600 (HafTet al., 1991) is shown for comparison 
(D). 



tored by a delicate miniature thermocouple in a 
mock sample (that tends to evaporate). A per- 
manent tubular thermocouple probe is pre- 
cisely matched in temperature response to the 
sample in a capillary tube that can hold up to 
20 /tl. Although instrument sellings can be 
modified to amplify higher volumes in larger 
diameter lubes, temperature transition rates in- 
crease and the advantage of rapid cycling de- 
creases (Fig. 15.3). With larger tubes, dena- 
turation and annealing times must be held for 
several seconds to allow the sample tempera-, 
lure to catch up to the air temperature. This is 
similar to the problem of matching the sample 
and block temperatures in heat block instru- 
ments; we do not recommend larger tubes. In- 
stead of a nichrome wire coil as a heat source, 
a 500-W halogen light bulb is used. The bulb 
irradiates the surface of a cylindrical sample 
chamber that is lined with a light-absorbing, 
heat-stable foam, thai in turn heats the circu- 
lating air and the sample tubes (Fig. 15.4). 
The air flow pattern in the commercial instru- 
ment has also been modified for more uniform 
air speed and temperature. 

Besides DNA amplification, rapid cycling 
should also be useful in cycle sequencing, and 
other amplification protocols such as the ligase 





Fiourb 15.4. Schematic cross section of the Idaho 
Technology 1605 thermocycler. Samples in capil- 
laries M are ptaced in cyclindrical air chamber G 
with turbulence created by fan blades E. Halogen 
lamp F irradiates the surface of chamber G, which 
is lined by light-absorbing foam L. Foam L heats 
the turbulent air, which in turn heats the samples in 
the capillaries. Room temperature air enters the in- 
strument through vent A propelled by blade B. 
When the solenoid-operated door J is closed during 
heating, air exits through vent K without entering 
the sample chamber G or top chamber I. The top of 
chamber G contains top vent H of larger radius than 
bottom vent D, tending to draw air up through the 
sample chamber. However, no significant air can 
flow up through the chamber while door J is closed. 
The dotted line indicates the air flow path during 
cooling, initiated by opening door J. Cooling air 
flows around the fan motor C, through vent D, sam- 
ple chamber G, vent H, top chamber I, and out 
through vent K. Rapid mixing of the air in chamber 
G by the fan blade E ensures spatial temperature 
homogeneity. All elements in the sample chamber 
are symmetric around the central vertical heating 
element (patents pending University of Utah/Idaho 
Technology). 



chain reaction. Required times can be signifi- 
cantly reduced and specificity increased with 
rapid cycling. It is clear from Figure I5.2B 
that even current rapid cycle instrumentation 
may be too slow for the reactions comprising 
DNA amplification. Cycle times can be de- 
creased further. More compact instruments 
can be built. Direct coupling to sensitive anal- 



ysis systems is feasible. Rapid cycling only re- 
quires that the time-revered icons of heating 
blocks and conical tubes be left behind. 

Recently, a report utilizing ethidium bro- 
mide for simultaneous amplification and detec- 
tion in PCR appeared (Higuchi et al.. 1992). 
Another report (Hoppe et al., 1992) described 
gel loading dyes compatible with PCR, al- 
though this had been previously reported 
(Wittwer and Garling, 1991). 
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